Breast MRI is frequently performed prior to breast conserving surgery in order to assess the location and extent of the lesion. Ideally, the surgeon should also be able to use the image information during surgery to guide the excision and this requires that the MR image is co-registered to conform to the patient's position on the operating table. Recent progress in MR imaging techniques has made it possible to obtain high quality images of the patient in the supine position which significantly reduces the complexity of the registration task. Surface markers placed on the breast during imaging can be located during surgery using an external tracking device and this information can be used to co-register the images to the patient. There remains the problem that in most clinical MR scanners the arm of the patient has to be placed parallel to the body whereas the arm is placed perpendicular to the patient during surgery. The aim of this study is to determine the accuracy of co-registration based on a surface marker approach and, in particular, to determine what effect the difference in a patient's arm position makes on the accuracy of tumour localization. Obtaining a second MRI of the patient where the patient's arm is perpendicular to body axes (operating room position) is not possible. Instead we obtain a secondary MRI scan where the patient's arm is above the patient's head to validate the registration. Five patients with enhancing lesions ranging from 1.5 to 80 cm 3 in size were imaged using contrast enhanced MRI with their arms in two A thin-plate spline registration scheme was used to match these two configurations. The registration algorithm uses the surface markers only and does not employ the image intensities. Tumour outlines were segmented and centre of mass (COM) displacement and Dice measures of lesion overlap were calculated. The relationship between the number of markers used and the COM-displacement was also studied. The lesion COM-displacements ranged from 0.9 to 9.3 mm and the Dice overlap score ranged from 20% to 80%. The registration procedure took less than 1 min to run on a standard PC. Alignment of pre-surgical supine MR images to the patient using surface markers on the breast for co-registration therefore appears to be feasible.
Introduction
Dynamic contrast enhanced (DCE) MRI provides a very high sensitivity for the detection of breast cancer (Peters et al 2008) and a sharp delineation of breast lesions (Goto et al 2007 , DeMartini et al 2008 . It is therefore a good choice of imaging modality to aid the surgeon when performing breast conserving surgery (BCS) . The surgeon will typically use the MR images to review the size and location of the tumour before making the first incision in order to minimize the amount of tissue excised whilst still ensuring that clear surgical margins are achieved. However, breast MRI is commonly performed in the prone position where the breasts are pendant into the imaging coils and even immobilized by slight pressure from the coils or fixation plates (Konyer et al 2002 , Piron et al 2003 . This configuration differs significantly from the situation found in operating room (OR) during BCS, where the patient is in the supine position with the breast remaining in its native configuration. This different patient positioning hinders the use of breast MRI for image guidance of BCS (Carter et al 2006 (Carter et al , 2008 as the surgeon has to mentally correct for the differences in orientation.
To overcome this restriction, breast MRI in the supine position has been proposed (Alderliesten et al 2010) . In one approach (Siegler et al 2011) the patient is placed on her back on the MR bed while a fixture holds the imaging coil above the breast of the patient. In this setting, the breast is not constrained or compressed in any form during imaging. It therefore falls into its native configuration, which is expected to be closer to that in the OR setting than is the case with prone imaging. However, in most clinical MR scanners the arm of the patient has to be placed parallel to the body, whereas the arm is placed perpendicular to body axes during surgery. Since soft breast-tissue is inhomogeneous and anisotropic (Guo et al 2006) , a positional change of the arm will cause a non-rigid-body deformation of the adjacent breast.
In order to correct for changes in breast conformation that occur due to different patient positions during imaging and at surgery, image registration is required. In the OR it is not practical to carry out 3D breast imaging (MRI, CT, or ultrasound) therefore a registration method needs to be based on the alignment of surface information only (see figure 1) . It also needs to be fast in order to minimize the delay whilst the patient is under anasthesia. A surface based technique, which uses MR markers and pen markings together with optical tracking to detect certain points on the breast skin, satisfies both of these constraints.
The aim of this study is to determine whether a surface marker based deformable registration method is able to correct for changes in breast conformation and correctly locate The MRI-coordinates of the markers inside the acquired 3D supine MR data sets are recorded. After the MRI, the MRI-markers are removed from the breast leaving only the pen-marks on the breast skin. (c) In the OR the patient is prepared for surgery, which includes the placing on the surgical bed and the application of anesthesia. The pen-marked positions are tracked using an optical tracking system and a stylus pointing device. Then the supine MRI are registered to the OR using the positions of the MRvisible markers inside the 3D images and the tracked positions of the pen-marks in the OR.
the tumour location within the breast. Ideally, accuracy would be assessed by carrying out the full procedure illustrated in figure 1 to align the pre-surgical images with the patient in the OR. This is not practical however, as there is no way of measuring the location of the tumour and hence the centre of mass (COM)-displacement without imaging. The OR part of the procedure is replaced with a second MRI scan carried out after repositioning the patient in the scanner with a different arm position. Obtaining a second MRI of the patient where the patient's arm is perpendicular to body axes (OR position) is not possible. Instead we obtain a secondary MRI scan where the patient's arm is above the patient's head. The assumption is that the tissue displacement from the arm-parallel position is greater in this secondary scan (armabove) compared to the actual OR position (arm-perpendicular). If the registration is feasible between the arm-above and arm-parallel positions then it is also feasible for the arm-above and arm-perpendicular positions. Therefore for our validation we consider the arm-parallel and arm-above position image volumes for which we can obtain MRI scans.
The result of the registration between these two image volumes provides a surrogate measure of the tumour localization accuracy during surgery. There are an overwhelming number of registration methods known in the literature, which might be used for this problem. See, e.g., the books (Highnam and Brady 1999 , Hajnal et al 2001 , Rohr 2001 , Toga and Thompson 2001 , Modersitzki 2004 , Yoo 2004 , Goshtasby 2005 , Scherzer 2006 , Modersitzki 2009 ) and references therein.
A marker based thin-plate spline (TPS) (Duchon 1976 , Bookstein 1989 ) registration scheme was selected to align the supine breast MRI data with the breast position of the patient in the OR as it is very fast, a necessary characteristic since the registration will be carried out whilst the patient is under anaesthesia.
In this paper, the accuracy of the TPS registration will be tested and effect of varying the number of surface markers and their position on the breast on the registration error will be assessed.
Materials and methods

The thin-plate spline (TPS) registration scheme
In this section, a detailed description of the TPS landmark-based registration is presented. The idea of TPSs was initially introduced by the pioneering work of Duchon (Duchon 1976 ) and was later employed for image registration, see e.g., (Modersitzki 2009 ) and the articles within.
Let . . , n, where n is the number of given landmarks. The goal is to find the transformation y :
which minimizes the objective function
This is the linearized bending energy of a thin plate in 3D that imposes some kind of smoothness on y. It has been shown (Duchon 1976 ) that the solution of component y i of the unknown transformation y belongs to a certain space that is spanned by shifts of an a-priori known function and a polynomial correction term. To be precise, in 3D
Fortunately the solution can be obtained by solving a linear system of equations to evaluate the coefficients of this expression. If we define 
for i = 1, . . . , 3, see (Modersitzki 2009 ). Note that in evaluating the transformation y, we only use the location information of the landmarks in the pre-surgical image and the corresponding locations during the surgery. Therefore, no image intensity information is required in the registration procedure. However in our feasibility study, we use the image intensity information to evaluate the location of the markers in the two images. Furthermore, we use the image intensities when we transform and compare the 3D intensity volumes in the validation step. This is required to yield a surrogate measure of the tumour localization accuracy during surgery.
Acquisition of a test dataset
Patients with a previously detected enhancing lesion on MRI who were waiting for surgery were approached to participate in the study. Approval for the study was obtained from the Institutional Ethics Board and over the period of one year six volunteers were recruited.
Immediately before imaging a range of 24-34 MR visible markers (Brava-Pinpoint, Beekley, USA) were placed on the skin of the left breast in a uniform distribution for each volunteer, see table 1. The markers were held with stickers to the breast skin and, in order to minimize disturbances in the natural behaviour of the breast during the arm movement, these stickers were trimmed to achieve as small a contact surface as possible.
Supine breast MRI was performed on a whole body 1.5T MR scanner (GE Signa Excite). After obtaining informed consent, unilateral scans were acquired from the left breasts of the free-breathing patient volunteers using the supine breast apparatus and a fast 3D spoiled gradient echo sequence (oblique coronal slice orientation, frequency encoding from left to right, TE = 4.2 ms, TR = 16.2 ms, flip-angle = 30
• ) with fat saturation (Siegler et al 2011) . Table 1 summarizes characteristics of the obtained datasets for five patients.
It should be noted that some of the markers occasionally fell off during the process of repositioning. In addition, there is no guarantee that by moving the patient, all of the markers remain in the field of view of the image volume in the moving image compared to the fixed image. The difference between the number of markers in these two cases especially for patient no. 2 is a combined consequence of these two events. Patient no. 5 was coughing throughout the scanning procedure leading to unacceptably poor quality images in which it was impossible to delineate the tumour; the data from this patient is therefore not included in the study.
The patients were initially positioned in the supine position with their arms by their sides and contrast was injected in the contralateral (right) arm. After acquiring the first contrast enhanced image the patients were then quickly repositioned for the second supine breast MRI with the arm placed above the head.
The performance of the TPS registration was evaluated using the two supine MR images of the breast, where the arm in the so-called reference image is in the parallel position and is outstretched in the so-called arm up image, see figures 2, 3. 
Marker selection and matching
The position of the MR-visible markers in the two images were semi-manually selected and computed using a GUI tool that we developed inhouse using MATLAB. An algorithm, which offers a simultaneous TPS registration and an automatic marker matching (Chui and Rangarajan 2003) was then employed to match the markers.
The matching procedure required a set of parameters introduced in Chui and Rangarajan (2003) . We manually tuned the parameters for the algorithm to yield accurate matching of the markers in a volunteer dataset. In our experiments, we used the default cMIX function of the robust point matching (RPM) package available at http://noodle.med.yale.edu/∼chui/tps-rpm.html. Initially, the marker position coordinates were rescaled by a factor of 500. This ensured the position coordinates were in the interval [0, 1] consistent with the examples used in the RPM package demo to avoid any possible instabilities. We used the parameters frac, T_init, and T_finalfac respectively as 1, 0.5 and 500 as it was defined in the cMIX function of RPM package demo. The annealing rate was set as 0.90 in the cMIX code. We then called cMIX(Fposition, Mposition, frac, T_init, T_finalfac) in which Fposition and Mposition were respectively the rescaled marker positions in the fixed and moving images. The matching procedure on the volunteer dataset was manually verified to ensure the reliability of the tuned parameters. We then employed the same set of parameters on our patient dataset.
To further enhance the accuracy of the matching, we also eliminated the markers which were found to be outliers, see (Chui and Rangarajan 2003) . The number of matched markers are presented in the fourth column of table 1. In the matching process of the markers where there was an ambiguity between the markers with high proximity we eliminated those to avoid possible misregistration. The ambiguity was calculated using the correspondence matrix M described in the matching algorithm (Chui and Rangarajan 2003) . If there was no element with a value of over 90% in a column of M, the marker corresponding to that column was eliminated. In the case of patient 2, there were 5 markers out of the 29 that were eliminated from the arm up position in the matching process. It should be noted that in the practical application of the scheme, marker matching will be performed by an optical tracking system.
Tumour segmentation
Three independent observers, all of whom were experienced in looking at breast MR images, segmented the tumours of each of the patients using TurtleSeg (Interactive 3D Image Segmentation Software) 5 that provides a semi-manual tool for segmentation. Table 1 summarizes the mean ± standard deviation of the segmented tumour volumes. The tumour of patient no. 3 could not be reliably identified and segmented even with the help of a radiologist therefore we segmented an enhancing cyst that was clearly visible in the images instead. Here, we present data for five of the patients from our study named as patient 1, 2, 3, 4, and 6.
Results
TPS registration results on the datasets
By performing the TPS registration scheme on the data and employing all of the selected markers we obtain the registered arm up image. The registration results for a slice of the first and the sixth patient datasets are displayed in figures 2, 3. It can be visually observed that the internal structures of the 'arm up' and the 'arm down' images correspond well.
Validating the TPS registration
We evaluated the Dice measure of overlap defined as Dice(A, B) = 100 × 2 A∩B A + B among three tumour segmentations A, B, C, for each patient and arm positions given in table 2. These numbers indicate the degree of overlap among different segmentations. Furthermore, we evaluated the centre of mass (COM) variations computed as the standard deviation of the COM among these three tumour segmentations, for each patient and arm position in millimeters, given in table 3.
In the next step, we computed the Dice measure of overlap between the tumour in the reference and the registered arm up images presented in table 4(a).
In addition, we computed the COM of the tumours and evaluated the Euclidean distance between the tumours in the reference and arm up images; this is defined as the COMdisplacement. We compared the COM-displacements calculated from the unregistered image volumes, the volumes registered using simple translations only, and volumes registered using the deformable TPS scheme presented in table 4(b). For our limited patient study, it can be observed that TPS deformable registration performs better than shifting the images using a rigid translation scheme. More details on cases of our patient study will be presented in the summary of results section 3.5.
Varying the number of markers used
We examined the effect of changing the number of markers used in the TPS registration on the COM-displacement and Dice measure of overlap for the patients, see figure 4 relating to patient 1. In this experiment, 100 registration experiments were performed for each fixed number of random markers changing from 5 to 33 (for patient 1). Similarly, we compared the mean COM-displacement/Dice varying the number of markers used for all of the patients in figure 5 . All of these experiments used tumour segmentation B as an arbitrary choice. 
Registration experiments for a fixed number of markers used
We chose subsets of 20 markers 1000 times for all patient datasets and performed the TPS registration for each subset. For the 5 patients 1,2,3,4, and 6, a total of 5000 registration experiments were performed. Figure 6 displays the scatter plot of mean pair-wise Euclidean distance of markers versus registration error measured as the COM-displacement and the scatter plot of mean Euclidean distance of markers to the COM of the tumour versus registration error 
Summary of results
The focus of this study is the matching of supine breast data-sets which were acquired with two different arm positions using the TPS algorithm and the positions of surface markers. Our goal was to localize the tumour using the described scheme. The results show that the We used manual segmentations of the lesions to assess the DICE overlap and COMdisplacement metrics. Figure 2 shows that our interobserver variability was good but the DICE scores were generally slightly lower for the images acquired in the 'Up' position. This reflects the fact that it is more difficult to delineate the lesion boundaries in the second image acquired due to the increased leakage of the contrast agent into the extracellular extravascular space.
It can be observed that Dice measure of patient 4 was not consistent with the other patients in figure 5(b) . This could be due to several factors. The initial unregistered arm-up and down positions have a displacement of 46 mm which is the largest among all of the patients in the study.
The registration result for a slice of patient 4 is displayed in figure 8 . The attachment of the surface marker has caused a local distortion of the skin surface; this has resulted in a nonphysiological local deformation which is not adequately modelled by the TPS. This suggests that trimming the stickers was not sufficient and that an alternative method of attaching the markers to the skin may be needed.
In addition, the segmentation task of the tumour in the arm up position of this patient was also more challenging as reflected by the lower overlap scores in table 2, column (P4 U). This may have been the result of the small size (2.4 cm 3 ) of the tumour for this patient. Due to a miscommunication problem in placing the markers, only one side of the breast was covered by the markers for patient 6. In addition, the tumour is close to the COM of the markers and as expected translation gave better results than TPS for patient 6.
The experiments presented in figures 6 and 7 analyse the Dice and COM-displacement measures for a fixed given number of 20 markers. The results presented in this section are consistent with the measurements computed in figure 5 at the location where the number of markers used in the registration is 20. A disparity of the scatter plots relating to patient 4 is visible that can be further explained. The local distortion of the skin surface relating to the data of this patient has caused incorrect marker matching and the registration experiments that have specifically used the incorrectly matched markers lead to poor registration results. The scatter plots relating to patient 6 also exhibit a similar disparity. As explained earlier, markers were placed only on one side of the breast for this patient and the close proximity of the makers may have led to an incorrect matching. Finally, it can be observed that the scatter plots relating to patient 3 exhibit a wider variation in COM-displacement and Dice measures compared to other patients. Looking at table 1, it can be observed that size of the segmented tumour is significantly larger for this patient. Consequently this can lead to wider variations in registration errors specifically relating to the COM-displacement errors. Note that there is more ambiguity in estimating the COM of a larger tumour than a smaller one, in general, when the tumour boundaries are not precisely known and are semi-manually segmented.
Discussion and conclusions
As expected, the result of the experiments vary based on the tumour size, shape, and location. In our patient study, increasing the number of markers decreases the averaged COMdisplacement. Although using more markers always improves the quality of registration, it is more difficult to perform the whole registration procedure. More markers will require a longer preparation time. In addition, the localization and identification of each marker in the 3D data-sets gets more challenging.
Based on the experiments presented in this paper we believe using a range of 20 to 30 markers are required for the registration, depending on the breast shape and size. While by decreasing the number of markers we lose registration accuracy, increasing the number of markers might lead to marker matching problems in practice. In addition, proper protocols and communication on the positioning of the markers are required.
We performed experiments on effect of the number of markers used in registration in figures 4 and 5. The graphs in figure 4 relating to patient 1 suggests that no improvement was found in the computed mean COM-displacement and Dice measures beyond the 20 markers.
Our experiments suggest that for a given number of markers, the overall separation of markers (measured as mean pair-wise Euclidean distance of markers) and the mean overall markers' proximity to tumour has no obvious influence on registration quality measures (COM-displacement and Dice) used in this study. More patient datasets with variable breast shape and size and tumour location maybe required to perform solid analysis of the location, distribution, and separation of the markers over the surface and with respect to the tumour.
This was a feasibility study designed to investigate the effect of different arm positions and number of markers on registration accuracy. In order to use a surface marker based registration approach in the surgical setting, further work will be required to optimize the design of the MR-visible markers and the method used to determine their location in the OR.
All MR images in this study were acquired in one breathing stage as gating and tracking of the free breathing motion was performed. As a result, the obtained images were from one point of the respiratory cycle. This is important to obtain a sufficient image quality in the MR images for this study.
During surgery in the OR, breathing motion is expected and has to be addressed. However, other common surgical navigation applications have to address this problem too (for example surgical navigation of spinal cord or brain cases). These use references attached to the object of interest to track motions during the initial stage during registration and then during the rest of the procedure. Most of these techniques are assuming a rigid body (like bone). It is unknown so far, if such a motion tracking approach is efficient in the case of breast surgery. This study cannot answer this question and further studies in the OR will be necessary.
In this study, each registration took under a minute to reconstruct the registered volume in MATLAB on a typical PC. This is important since, for the image-aided BCS, the tracking of the marker positions in the OR and the registration of the supine breast MRI to the OR will be done while the patient is under anesthesia therefore the registration should be carried out as quickly as possible. An implementation of the TPS algorithm in C could further improve the time efficiency. The speed of the TPS algorithm compared to finite element schemes (Tanner 2005) , is an important factor for the clinical application. Another reason to use TPS registration is its simplicity. In general, bio-mechanical models can lead to more accurate tumour localization and can yield superior information about tumour's shape while being more complicated to implement, see (Plewes et al 2000) as an example.
It would be also possible to use the registration method to aid ultrasound-guided biopsies (Nakano et al 2009) . Since both supine breast MRI and ultrasound are performed with the same positioning of the patient, the expected deformations of the breast are even smaller.
In summary we have demonstrated that the alignment of pre-surgical supine MR images to the patient using surface markers on the breast for co-registration is feasible. For BCS, co-registering pre-surgical breast MRI data with the patient positioned as for surgery will provide information on the location, extent and size of a tumour. Current methods of breast tumour localization for surgical excision do not define the tumour perimeter. Negative surgical margins commonly range from less than 1 mm to over 2 cm. Delineation of the tumour perimeter with a less than 5 mm margin of error as described in this study indicates that this registration technique warrants further study as an aid to surgical guidance. Further validation of this approach requires recruitment of more volunteer patients with tumours.
